Abbreviations used in this paper: APC, adenomatous polyposis coli; Cby, Chibby; CRM-1, chromosome region maintenance protein 1; DN-14-3-3, dominant-negative 14-3-3; GSK3, glycogen synthase kinase 3; hRluc, synthetic Renilla luciferase; KD, kinase-dead; Lef, lymphoid enhancer factor; MBP, maltose-binding protein; NES, nuclear export signal; OA, okadaic acid; rPP2A, recombinant protein phosphatase 2A; Tcf, T cell factor; WT, wild-type.

Introduction
============

β-Catenin (armadillo in *Drosophila melanogaster*) is a multifunctional protein that participates in several cellular processes, including cell--cell adhesion and the canonical Wnt signaling ([@bib43]). At the plasma membrane, β-catenin binds to type I cadherins to mediate actin filament assembly via α-catenin ([@bib33]; [@bib17]). The remaining cytoplasmic β-catenin is continuously degraded by the action of the so-called "destruction complex" ([@bib22]). In this complex, the tumor suppressors Axin and adenomatous polyposis coli (APC) function as scaffold proteins that facilitate sequential phosphorylation of β-catenin at the N terminus by casein kinase Iα and glycogen synthase kinase 3 (GSK3; [@bib27]). Phosphorylated β-catenin is then recognized by the E3 ubiquitin ligase receptor βTrCP and targeted for ubiquitin-mediated proteasomal degradation. Binding of a Wnt ligand to cell surface receptors, Frizzled, and low-density lipoprotein receptor-related proteins 5 and 6 ultimately leads to inactivation of the β-catenin destruction complex ([@bib6]). As a consequence, β-catenin accumulates in the cytoplasm, translocates into the nucleus, and interacts with members of the DNA-binding T cell factor/lymphoid enhancer factor (Tcf/Lef) family to activate Wnt target genes ([@bib41]; [@bib54]). Wnt/β-catenin signaling plays key roles during embryonic development and in maintenance of organs and tissues in adults ([@bib7]; [@bib36]). Moreover, perturbations of this signaling cascade have been linked to a range of human diseases, especially cancer ([@bib30]; [@bib9]). For instance, β-catenin signaling is aberrantly activated in \>70% of colorectal cancers and to a lesser extent in other tumor types, promoting cancer cell proliferation, survival, and migration ([@bib37]; [@bib29]).

Although it is well established that β-catenin can enter and exit the nucleus, the precise molecular mechanisms still remain largely unclear. It contains neither NLS nor nuclear export signal (NES) sequences. β-Catenin appears to be imported into the nucleus in an importin/karyopherin-independent fashion potentially by directly interacting with nuclear pore components ([@bib14]; [@bib58]). Conversely, APC has been shown to harbor functional NES sequences and facilitate nuclear export of β-catenin by the classical chromosome region maintenance protein 1 (CRM-1)--dependent pathway ([@bib18]; [@bib39]). However, subsequent studies challenged this view by demonstrating that β-catenin can exit from the nucleus independent of APC and CRM-1 ([@bib13]; [@bib51]). More recently, Axin was identified as a nucleo-cytoplasmic shuttling factor that enhances cytoplasmic localization of β-catenin ([@bib10]; [@bib52]). Clearly, these findings suggest the existence of multiple mechanisms that fine-tune nuclear β-catenin levels. Intracellular distribution of β-catenin may also be regulated by cytoplasmic and nuclear retention through interaction with its binding partners ([@bib46]; [@bib48]; [@bib24]).

We previously reported a β-catenin antagonist Chibby (Cby; [@bib42]). Cby is a 14.5-kD protein evolutionarily conserved from fly to human. We demonstrated that Cby physically interacts with β-catenin in a manner that competes with Tcf/Lef factors, and thus represses β-catenin--mediated gene activation. Reduction of Cby levels in *D. melanogaster* embryos by RNAi results in hyperactivation of this pathway ([@bib42]; [@bib47]), which highlights the biological importance of Cby\'s function. Recently, we found that Cby promotes adipocyte and cardiomyocyte differentiation of pluripotent stem cells through inhibition of β-catenin signaling ([@bib26]; [@bib40]).

To further elucidate the molecular and cellular functions of Cby, we set out to isolate Cby-binding partners. Here, we detail the isolation of 14-3-3 proteins as novel Cby interactors. We show that 14-3-3 proteins interact with Cby upon phosphorylation of serine 20 by Akt kinase. Notably, direct docking of 14-3-3 induces cytoplasmic sequestration of Cby protein. An alanine substitution for serine 20 in Cby eliminates binding to 14-3-3 and partially compromises Cby\'s ability to inhibit β-catenin signaling. We also demonstrate that Cby and 14-3-3 form a trimolecular complex with β-catenin in tissue culture cells. Intriguingly, Cby and 14-3-3 collaborate to promote cytoplasmic localization of β-catenin. In support of this model, nuclear-targeted Akt inhibits β-catenin--dependent transcriptional activation. Our findings, therefore, unravel a novel mechanism controlling the dynamic nucleo-cytoplasmic trafficking of β-catenin.

Results
=======

Identification of the ε and ζ isoforms of 14-3-3 proteins as Cby-binding partners
---------------------------------------------------------------------------------

To extend our understanding of Cby\'s function, we searched for Cby-interacting proteins using a maltose-binding protein (MBP) pull-down approach. Recombinant MBP or MBP-Cby fusion proteins were incubated with cell lysates prepared from human embryonic kidney (HEK) 293T cells. Cby-associated proteins were pulled down using amylose beads and resolved by SDS-PAGE, yielding several proteins that coprecipitated specifically with MBP-Cby in comparison to the MBP control ([Fig. 1 A](#fig1){ref-type="fig"}). The protein bands were excised, digested with trypsin, and processed for mass spectrometry. One of them, with an apparent molecular mass of 28 kD, was identified as 14-3-3ζ. Although mass spectrometry was not able to identify the copurifying 30-kD protein, prior studies have found copurification of 14-3-3ζ and 14-3-3ε ([@bib8]; [@bib34]). These findings prompted us to examine whether this protein was 14-3-3ε. As shown in [Fig. 1 B](#fig1){ref-type="fig"}, an anti--pan--14-3-3 antibody that recognizes all isoforms of 14-3-3 proteins reacted equally with both bands (lane 1), but an anti--14-3-3ε--specific antibody detected the upper band more intensely (lane 2), which suggests that both 14-3-3ε and ζ were copurified with Cby.

![**Physical interaction between Cby and 14-3-3 proteins.** (A) Purification of 14-3-3 proteins as Cby-binding partners by an MBP pull-down approach. Lysates from HEK293T cells were incubated with bacterially expressed and purified MBP (lane 1) or MBP-Cby fusion protein (lane 2). Associated proteins were precipitated, separated by a 4--20% gradient SDS-PAGE, and visualized by Coomassie staining. (B) Immunoblotting with an anti--pan--14-3-3 antibody confirmed the copurification of 14-3-3 proteins with MBP-Cby (lane 1). An anti--14-3-3ε--specific antibody detected the upper band more intensely (lane 2). (C) HEK293T cells were transiently transfected with the indicated combinations of expression plasmids for Flag-Cby and HA--14-3-3 (ε, ζ, and η). Total cell lysates were immunoprecipitated with anti-HA antibodies and detected with anti-Flag antibodies (left) or vice versa (right). All three isoforms of 14-3-3 were expressed at comparable levels (not depicted). IgG H, IgG heavy chain; IgG L, light chain. (D) DN-14-3-3 exhibits significantly reduced affinity for Cby. Lysates from HEK293T cells transfected with Flag-Cby alone or together with HA--14-3-3ζ or HA--DN-14-3-3ζ were immunoprecipitated with anti-Flag antibodies and analyzed by Western blotting with anti-HA antibodies. Precipitated Flag-Cby levels were similar in all lanes, as shown in the bottom panel. (E) Coimmunoprecipitation of endogenous proteins. Cell lysates from nontransfected HEK293T cells were immunoprecipitated with control IgG (lane 1) or anti--pan--14-3-3 antibodies (lane 2) and immunoblotted for Cby.](jcb1811141f01){#fig1}

14-3-3 interacts with Cby
-------------------------

14-3-3 proteins are a family of highly conserved dimeric proteins, comprised of seven isoforms in mammals (β, γ, ε, σ, ζ, τ, and η; [@bib16]; [@bib1]). The family members are ubiquitously expressed and modulate diverse biological processes, in particular signal transduction pathways and transcription, through direct protein--protein interactions.

To validate the interaction between Cby and 14-3-3 proteins, we performed coimmunoprecipitation experiments using cell lysates from HEK293T cells cotransfected with Flag-Cby and individual HA-tagged 14-3-3 isoforms (ε, ζ, and η; [Fig. 1 C](#fig1){ref-type="fig"}). The 14-3-3 proteins were immunoprecipitated with anti-HA antibodies and analyzed by Western blot analysis using anti-Flag antibodies to detect Cby ([Fig. 1 C](#fig1){ref-type="fig"}, left) or vice versa (right). In a result consistent with the initial finding, the 14-3-3ζ and ε isoforms bound to Cby to a similar extent. In addition, Cby also coimmunoprecipitated with 14-3-3η, which indicates that Cby interacts with multiple 14-3-3 isoforms.

Next, we took advantage of a dominant-negative form of 14-3-3ζ (DN-14-3-3ζ; R56A/R60A), which is unable to bind to its substrates yet retains the ability to form homo- or heterodimers with other 14-3-3 members ([@bib55]). As determined by coimmunoprecipitation assays ([Fig. 1 D](#fig1){ref-type="fig"}), DN-14-3-3ζ exhibited significantly reduced affinity to Cby compared with the wild-type (WT) protein, which confirms that the interaction between Cby and 14-3-3 is specific.

To further evaluate the physiological relevance of the Cby-14-3-3 interaction, the association of endogenous proteins was examined ([Fig. 1 E](#fig1){ref-type="fig"}). Immunoprecipitates with rabbit anti--pan--14-3-3 antibodies were prepared from HEK293T cells in which both Cby and 14-3-3 are relatively abundantly expressed. Cby was readily detected in the 14-3-3 immunoprecipitates ([Fig. 1 E](#fig1){ref-type="fig"}, lane 2) but not those performed using control rabbit IgG (lane 1). Collectively, these results establish clearly that 14-3-3 proteins specifically interact with Cby.

The 14-3-3--binding motif in the N-terminal region of Cby is essential for its interaction with 14-3-3
------------------------------------------------------------------------------------------------------

14-3-3 proteins typically bind to their target proteins through one of the two consensus sequences, RSXpSXP (mode I) and RXXXpSXP (mode II), where pS represents phosphoserine ([@bib32]; [@bib56]). Inspection of the human Cby amino acid sequence revealed a potential motif in its N-terminal region, ^16^RKSASLS^22^, that closely matched the canonical mode II motif ([Fig. 2 A](#fig2){ref-type="fig"}). Serine 20 was predicted to be a crucial phosphorylation site. Worthy of note, this motif is highly conserved among vertebrate Cby homologues (unpublished data).

![**Binding of 14-3-3 to Cby requires serine 20 within the N-terminal 14-3-3--binding motif of Cby.** (A) Cby contains a mode II 14-3-3--binding consensus sequence RXXXpSXP, where pS represents phosphoserine. Shown are the Cby point and deletion mutants used in this study. CbyΔ1-22 lacks the N-terminal 22 amino acids. (B) Expression levels of Cby mutants. Lysates from HEK293T cells transfected with an equal amount of an expression plasmid for Flag-tagged WT or mutant Cby were subjected to Western blotting with an anti-Flag antibody. (C) Cby serine 20 is crucial for binding to 14-3-3. HEK293T cells were transfected with Flag-tagged WT or mutant Cby and HA--14-3-3ζ, followed by coimmunoprecipitation with anti-Flag antibodies and immunoblotting with anti-HA antibodies. Note that to compensate for protein levels, the amounts of DNA for CbyS18A/S20A, CbyS20A, and CbyΔ1-22 were appropriately increased for transfection, and hence, roughly similar expression levels were observed for all the Cby mutants (bottom). IgG H, IgG heavy chain; IgG L, light chain. (D) Confirmation of Cby--14-3-3 interactions by split hRluc protein fragment--assisted complementation. WT or mutant Cby was fused in-frame to the C-terminal portion of hRluc (Cby-RC), whereas 14-3-3 was fused to its N-terminal part (14-3-3-RN). These expression constructs (200 ng each) were transfected into HEK293T cells as indicated, and Renilla luciferase activities were measured 24 h after transfection. A firefly luciferase plasmid was cotransfected to normalize transfection efficiency. Immunoblotting with anti-Cby antibodies (top left) or anti--pan--14-3-3 antibodies (top right) showed that these fusion proteins were stably expressed. Transfections were carried out in triplicate and the means ± SD are shown. White lines indicate that intervening lanes have been spliced out.](jcb1811141f02){#fig2}

To study whether the putative 14-3-3-binding site is functional, we performed site-directed mutagenesis to introduce a series of mutations within this motif ([Fig. 2 A](#fig2){ref-type="fig"}). Upon overexpression of N-terminally Flag-tagged proteins in HEK293T cells, CbyS18A and CbyS22P were found to be present at levels similar to WT Cby (CbyWT), whereas the other Cby mutants (S18A/S20A, S20A, and Δ1-22) were expressed at slightly lower levels ([Fig. 2 B](#fig2){ref-type="fig"}). The Cby mutants were then individually coexpressed with HA-tagged 14-3-3ζ in HEK293T cells, immunoprecipitated using anti-Flag antibodies, and immunoblotted for 14-3-3ζ with anti-HA antibodies. As shown in [Fig. 2 C](#fig2){ref-type="fig"}, CbyS18A or CbyS22P, which harbors a motif that matches perfectly the mode II consensus sequence, interacted with 14-3-3ζ as efficiently as CbyWT. However, Cby mutants bearing a serine-to-alanine substitution or deletion of serine 20 (S18A/S20A, S20A, and Δ1-22) almost completely lost their ability to bind to 14-3-3ζ.

To confirm the importance of serine 20 in 14-3-3 binding, we used the split synthetic Renilla luciferase (hRluc) assays for detecting protein--protein interactions ([@bib35]). Cby was fused in-frame to the C-terminal portion of hRluc ([Fig. 2 D](#fig2){ref-type="fig"}, Cby-RC), whereas 14-3-3 was linked to the N-terminal portion of hRluc (14-3-3-RN). Interactions between these fusion proteins would bring the N- and C-terminal portions of hRluc into close proximity and restore its activity. The constructs were transfected into HEK293T cells in various combinations, and hRluc activities were measured. As demonstrated in [Fig. 2 D](#fig2){ref-type="fig"}, cotransfection of CbyWT, S18A, or S22P and 14-3-3ζ hRluc vectors resulted in high levels of hRluc activity. In contrast, coexpression of CbyS18A/20A, S20A, or Δ1-22 and 14-3-3ζ hRluc fusion proteins produced only basal levels of hRluc activity. In addition, CbyWT efficiently bound to 14-3-3η and ε but not to DN-14-3-3ζ. Collectively, these data demonstrate that the Cby serine 20 residue within the mode II 14-3-3--binding motif mediates the interaction with 14-3-3 proteins.

Binding of 14-3-3 to Cby is regulated by phosphorylation
--------------------------------------------------------

In the majority of cases, 14-3-3 proteins recognize serine-phosphorylated substrates ([@bib32]; [@bib56]). Having established that Cby serine 20 is key in its binding to 14-3-3, we investigated if phosphorylation regulates the interaction. To this end, Flag-Cby was transiently expressed in HEK293T cells and immunoprecipitated using anti-Flag affinity beads, followed by treatment with recombinant protein phosphatase 2A (rPP2A) in the presence or absence of its potent inhibitor okadaic acid (OA). The samples were then mixed with an equal amount of lysates from HEK293T cells expressing HA--14-3-3ζ, the beads were precipitated and washed, and the proteins were then separated by SDS-PAGE and immunoblotted for 14-3-3ζ using anti-HA antibodies. As shown in [Fig. 3 A](#fig3){ref-type="fig"} (lane 2), phosphatase treatment significantly diminished Cby-14-3-3 interactions, and the inhibition was prevented in the presence of OA (lane 3). These results indicate that 14-3-3 binding to Cby depends upon the phosphorylation state of Cby. Consistent with this finding, we did not detect interactions between Cby and 14-3-3 by in vitro pull-down assays using bacterially produced Cby (unpublished data).

![**Cby seine 20 is phosphorylated by Akt, facilitating its interaction with 14-3-3**. (A) Interaction between Cby and 14-3-3 depends on phosphorylation. HEK293T cells were transfected with a Flag-Cby expression vector, and cell lysates were immunoprecipitated using anti-Flag affinity beads. The precipitated materials were preincubated in the presence or absence of rPP2A and its inhibitor OA. These samples were then mixed with an equal amount of total cell lysates from HEK293T cells expressing HA--14-3-3ζ, and the beads were precipitated, washed, and analyzed by SDS-PAGE and Western blotting with anti-HA antibodies. (B) Akt phosphorylates Cby at serine 20. HEK293T cells were transfected with an expression plasmid for Flag-tagged CbyWT or S20A, and Flag-Cby was immunoprecipitated using anti-Flag affinity beads. The bead-bound materials were incubated with \[γ-^32^P\]ATP and affinity-purified HA-tagged Akt1 or KD-Akt1 from transfected HEK293T cells in the presence or absence of rPP2A and OA as indicated. The reaction mixtures were then resolved by SDS-PAGE and visualized by autoradiography. (C) In vitro Akt kinase assay. Recombinant MBP-Cby or MBP-CbyS20A was incubated with active GST-Akt1 or Akt2 in the presence of \[γ-^32^P\]ATP. Proteins were separated by SDS-PAGE and detected by autoradiography. Roughly equal amounts of MBP-Cby fusion proteins were observed in all lanes upon Coomassie blue staining (bottom). (D) Coexpression of KD-Akt1 abolishes the interaction between Cby and 14-3-3. HEK293T cells were cotransfected with Flag-Cby, HA--14-3-3ζ, and either WT, KD, or myristoylated, constitutively active (CA) Akt1; and cell lysates were immunoprecipitated with anti-Flag antibodies followed by Western blot analysis with anti-HA antibodies. IgG H, IgG heavy chain; IgG L, light chain.](jcb1811141f03){#fig3}

Cby is a substrate for Akt kinase
---------------------------------

We hypothesized that Cby is phosphorylated at serine 20 by a kinase in tissue culture cells to enable specific recognition by 14-3-3. Analysis of the human Cby sequence for potential phosphorylation sites using the Scansite program (<http://scansite.mit.edu>; [@bib57]) identified serine 20 as a putative phosphorylation site for the serine/threonine kinase Akt (also known as protein kinase B).

To determine whether Cby is a substrate for Akt kinase, we performed an in vitro phosphorylation assay. Affinity-purified Flag-CbyWT or S20A recovered from transiently transfected HEK293T cells was incubated with affinity-purified HA-tagged Akt1 or kinase-dead (KD) Akt1 (K179A) in the presence of \[γ-^32^P\]ATP with or without rPP2A and OA. These samples were then analyzed by SDS-PAGE and autoradiography. As shown in [Fig. 3 B](#fig3){ref-type="fig"}, Cby was indeed phosphorylated by Akt1 (lanes 2 and 7) but not by KD-Akt1 (lane 8). Incubation with rPP2A resulted in dephosphorylation of Cby ([Fig. 3 B](#fig3){ref-type="fig"}; lanes 3 and 4), whereas OA treatment prevented Cby dephosphorylation (lanes 5 and 6). Finally, Akt1 could not phosphorylate CbyS20A ([Fig. 3 B](#fig3){ref-type="fig"}; lane 1). To confirm and extend these findings, we performed an in vitro kinase assay using bacterially expressed and purified proteins. MBP-Cby or MBP-CbyS20A were incubated with GST-Akt1 or GST-Akt2 in the presence of \[γ-^32^P\]ATP, and the proteins were resolved by SDS-PAGE and visualized by autoradiography. In agreement with the results shown in [Fig. 3 B](#fig3){ref-type="fig"}, both Akt1 and Akt2 phosphorylated Cby to a similar extent but were not able to phosphorylate CbyS20A ([Fig. 3 C](#fig3){ref-type="fig"}). These observations argue that Cby is a bona fide Akt substrate and that Akt kinase phosphorylates Cby at the serine 20 residue.

Next, we sought to investigate if phosphorylation of Cby by Akt regulates binding to 14-3-3. For this purpose, Flag-Cby and HA--14-3-3ζ were coexpressed in HEK293T cells with WT, KD, or constitutively active Akt1, followed by immunoprecipitation of Cby with an anti-Flag antibody and immunoblotting for 14-3-3ζ with an anti-HA antibody ([Fig. 3 D](#fig3){ref-type="fig"}). Constitutively active Akt1 slightly, but reproducibly, augmented the interaction of Cby with 14-3-3ζ in comparison with WT-Akt1 ([Fig. 3 D](#fig3){ref-type="fig"}, compare lanes 1 and 3). More importantly, KD-Akt1 almost completely abrogated their interaction ([Fig. 3 D](#fig3){ref-type="fig"}; lane 2). Coexpression of various forms of Akt1 did not affect Cby protein levels ([Fig. 3 D](#fig3){ref-type="fig"}; middle panel). These results further support the notion that phosphorylation of Cby serine 20 by Akt facilitates the formation of Cby--14-3-3 complexes.

Cytoplasmic sequestration of Cby by 14-3-3
------------------------------------------

To gain insights into the functional significance of the Cby--14-3-3 interaction, we examined subcellular distribution of the Cby mutants. When overexpressed in COS7 cells, Cby localized to the cytoplasm or to both the nucleus and cytoplasm, especially in cells with high levels of Cby expression ([Fig. 4, A and C](#fig4){ref-type="fig"}). Notably, Cby mutants defective in 14-3-3 binding (S18A/S20A, S20A, and Δ1-22) preferentially localized to the nucleus ([Fig. 4 A](#fig4){ref-type="fig"}). In contrast, the other Cby mutants that retained the ability to bind to 14-3-3 exhibited a localization pattern similar to that of WT protein. These results reveal a strong correlation between Cby--14-3-3 complex formation and the cytoplasmic localization of Cby.

![**14-3-3 proteins sequester Cby in the cytoplasm.** (A) The 14-3-3--binding motif in Cby is critical for the regulation of its subcellular localization. COS7 cells were transiently transfected with an expression vector encoding Flag-tagged WT or mutant Cby. Cells were fixed 24 h after transfection and immunostained with an anti-Flag antibody. Nuclei were stained with DAPI. (B) 14-3-3 facilitates the cytoplasmic relocation of Cby but not CbyS20A. COS7 cells were cotransfected with an expression construct for Flag-tagged Cby or CbyS20A and an empty control or HA--14-3-3ζ plasmid, followed by immunostaining with an anti-Flag antibody. Bars, 10 μm. (C) Quantitative analysis of the results in B. The subcellular localization of Flag-Cby was scored as follows: N \> C, predominantly nuclear; N = C, evenly distributed between the nucleus and cytoplasm; N \< C, predominantly cytoplasmic. Error bars represent the means ± SD of three independent experiments.](jcb1811141f04){#fig4}

One of the well-established functions of 14-3-3 proteins is to control the intracellular distribution of their ligands ([@bib31]; [@bib12]). Our data also support the idea that 14-3-3 modulates the intracellular localization of Cby. To test this assumption directly, we investigated whether ectopic expression of 14-3-3 influences Cby localization. As shown in [Fig. 4 (B and C)](#fig4){ref-type="fig"}, overexpression of 14-3-3ζ sequestered Cby into the cytoplasm. In marked contrast, 14-3-3ζ had essentially no major effect on the predominant nuclear localization of CbyS20A. Consistent with a prior finding ([@bib50]), the majority of 14-3-3ζ was seen in the cytoplasmic compartment where it colocalized with Cby (see [Fig. 7 B](#fig7){ref-type="fig"}; not depicted). Although 14-3-3 proteins are, in some cases, known to affect the stability of their substrates ([@bib8]; [@bib25]), Cby protein levels remained unaltered upon coexpression with 14-3-3ζ or DN-14-3-3ζ (Fig. S1, available at <http://www.jcb.org/cgi/content/full/jcb.200709091/DC1>). Collectively, we conclude that 14-3-3 binding induces relocation of Cby into the cytoplasm.

14-3-3 binding influences the antagonistic activity of Cby on β-catenin signaling
---------------------------------------------------------------------------------

In the nucleus, Cby physically interacts with β-catenin and represses β-catenin--mediated transcriptional activation by competing with Tcf/Lef transcription factors ([@bib42]). Our data suggest that 14-3-3 proteins bind to Cby and sequester it in the cytoplasm. This raises the interesting possibility that Cby--14-3-3 interactions regulate β-catenin signaling. To address this question, we performed Tcf/Lef luciferase reporter (TopFlash) assays ([@bib23]) in HEK293T cells using the three different 14-3-3 isoforms and Cby. Transfection of stabilized β-catenin stimulated TopFlash activity ∼25-fold ([Fig. 5 A](#fig5){ref-type="fig"}). Previous studies have shown that 14-3-3ζ mildly enhances β-catenin--dependent activation of TopFlash ([@bib45]; [@bib15]). Consistent with their finding, expression of 14-3-3ζ stimulated TopFlash activation by β-catenin, whereas that of either the 14-3-3η or ε isoform resulted in a small but consistent decrease in TopFlash activity. In all cases, coexpression of Cby showed repressive effects on TopFlash activity. Given the fact that all three 14-3-3 isoforms bind to Cby ([Figs. 1 C](#fig1){ref-type="fig"} and [2 D](#fig2){ref-type="fig"}) and sequester it into the cytoplasmic compartment ([Fig. 4 B](#fig4){ref-type="fig"} and not depicted), we concluded that overexpression of 14-3-3 proteins is most likely to exert pleiotropic effects on the TopFlash reporter, potentially by interacting with multiple cellular target proteins.

![**Association of Cby with 14-3-3 influences β-catenin signaling.** (A) Effects of different 14-3-3 isoforms on β-catenin--mediated transcriptional activation were evaluated by TopFlash assays. (B) The ability of Cby mutants to repress β-catenin signaling was tested by TopFlash assays. HEK293T cells were transfected with 10 ng of TopFlash or mutant FopFlash luciferase reporter with or without 10 ng of an expression vector for stabilized β-catenin (β-catenin--Myc), 200 ng of a HA-tagged 14-3-3 plasmid, and the indicated amounts of a Flag-tagged Cby expression vector. Luciferase activity was measured 24 h after transfection and normalized to Renila luciferase activity used as an internal control. Transfections were performed in triplicate and the means ± SD are shown. Western blot analysis with anti-Cby antibodies showed that Cby proteins were expressed at similar levels. Note that, to compensate protein levels, higher amounts of DNA for CbyS18A/20A, CbyS20A, and CbyΔ1-22 were used for transfection. White lines indicate that intervening lanes have been spliced out.](jcb1811141f05){#fig5}

To clarify whether Cby--14-3-3 interactions influence β-catenin signaling, we tested 14-3-3 binding--deficient Cby mutants in TopFlash assays ([Fig. 5 B](#fig5){ref-type="fig"}). As expected, cotransfection of Cby mutants capable of 14-3-3 binding (S18A and S22P) substantially repressed TopFlash activation by β-catenin similar to that observed for CbyWT, with no significant effect on the mutant reporter FopFlash. However, Cby mutants unable to bind 14-3-3 (S18A/S20A, 20A, and Δ1-22) displayed a reduced ability to repress β-catenin signaling. These results were unexpected, as these mutants are predominantly localized in the nucleus ([Fig. 4 A](#fig4){ref-type="fig"}) and were therefore expected to antagonize β-catenin signaling more efficiently.

β-Catenin is present in a complex with Cby and 14-3-3
-----------------------------------------------------

Our finding raised the possibility that inhibition of β-catenin activity by Cby might involve additional mechanisms besides competing with Tcf/Lef factors for β-catenin binding. To explore potential mechanisms, we first assessed whether β-catenin forms a complex with Cby and 14-3-3 by coimmunoprecipitation experiments. As shown in [Fig. 6 A](#fig6){ref-type="fig"}, both β-catenin and 14-3-3 coimmuoprecipitated with Cby (lane 4). In good agreement with the formation of a Cby--14-3-3--β-catenin complex, we also found that increased expression of 14-3-3 or β-catenin does not interfere with Cby--β-catenin or Cby--14-3-3 complex formation (Fig. S2, available at <http://www.jcb.org/cgi/content/full/jcb.200709091/DC1>). Recent studies have shown that β-catenin associates with 14-3-3ζ ([@bib45]; [@bib15]). Thus, we further tested if the Cby--14-3-3 interaction directly contributes to the formation of trimolecular complexes. HEK293T cells were cotransfected with β-catenin--Myc, HA--14-3-3ζ, and Flag-tagged CbyWT or S20A for coimmunoprecipitation assays. Coexpression of the 14-3-3 binding--defective CbyS20A mutant largely decreased the amount of 14-3-3ζ coimmunoprecipitated with β-catenin ([Fig. 6 B](#fig6){ref-type="fig"}, top, compare lanes 1 and 2). As anticipated, CbyS20A bound to β-catenin indistinguishably from CbyWT ([Fig. 6 B](#fig6){ref-type="fig"}, third panel from the top, compare lanes 1 and 2) because the β-catenin--binding domain resides in the C-terminal half of Cby ([@bib42]). These results suggest that β-catenin, Cby, and 14-3-3 form a complex, and that the interaction between Cby and 14-3-3 is crucial for stable ternary complex formation.

![**Cby, 14-3-3, and β-catenin form a complex.** (A) Coimmunoprecipitation of β-catenin and 14-3-3 with Cby. Total cell lysates from HEK293T cells expressing Flag-Cby, HA-14-3-3ζ, and stabilized β-catenin--Myc in the indicated combinations were immunoprecipitated with anti-Flag antibodies and subjected to Western blotting with a mixture of anti-Flag and anti-HA antibodies. (B) Cby--14-3-3 interaction is crucial for stable tripartite complex formation. HEK293T cells were cotransfected with expression constructs for β-catenin--Myc, HA--14-3-3ζ, and Flag-tagged CbyWT or S20A as shown. Cell lysates were immunoprecipitated with either anti-Myc or anti-HA antibodies and immunoblotted with the indicated antibodies. IgG H, IgG heavy chain; IgG L, light chain.](jcb1811141f06){#fig6}

Cby acts in concert with 14-3-3 to sequester β-catenin into the cytoplasm
-------------------------------------------------------------------------

From the results presented so far, we reasoned that Cby might collaborate with 14-3-3 to relocate β-catenin into the cytoplasm, leading to inhibition of target gene activation. To test this, we analyzed the intracellular localization of a β-catenin C-terminal truncation mutant missing amino acids 665--781 that fails to bind to Cby ([@bib42]). Upon overexpression in COS7 cells, a stabilized form of full-length β-catenin (β-cateninS33Y) was distributed throughout the cytoplasm and nucleus, as revealed by immunofluorescence staining ([Fig. 7, A and C](#fig7){ref-type="fig"}). In sharp contrast, the C-terminally truncated mutant (β-cateninS33YΔC) was detected primarily in the nucleus, which implies that Cby binding ultimately controls β-catenin distribution. Intriguingly, coexpression with Cby and 14-3-3ζ resulted in a dramatic cytoplasmic shift of β-cateninS33Y, whereas no major changes were observed in the predominant nuclear localization of β-cateninS33YΔC ([Fig. 7, B and C](#fig7){ref-type="fig"}). However, we noted that ectopic expression of either Cby or 14-3-3ζ alone was sufficient to relocate β-catenin to the cytoplasm ([Fig. 7 C](#fig7){ref-type="fig"}), presumably because of the existence of endogenous proteins, as both Cby and 14-3-3 are relatively abundant in COS7 cells. In support of this notion, ectopic expression of 14-3-3 binding--defective CbyS20A substantially retained β-catenin in the nucleus ([Fig. 7 C](#fig7){ref-type="fig"}), most likely by competing with endogenous Cby. Furthermore, overexpression of 14-3-3ζ created no significant effect on CbyS20A-dependent nuclear localization of β-catenin ([Fig. 7 C](#fig7){ref-type="fig"}). These data are, therefore, consistent with a model in which Cby cooperates with 14-3-3 to sequester β-catenin into the cytoplasm, thereby attenuating β-catenin signaling.

![**Cby and 14-3-3 relocate β-catenin to the cytoplasm.** (A) A β-catenin mutant incapable of binding Cby preferentially localizes to the nucleus. COS7 cells were transfected with either stabilized β-cateninS33Y--Flag or a C-terminal truncation mutant (β-cateninS33YΔC--Flag) defective in Cby binding and then immunostained with anti-Flag antibodies. (B) β-CateninS33Y--Flag or β-cateninΔC--Flag were coexpressed with HA--14-3-3ζ and untagged Cby in COS7 cells. After 24 h, cells were double stained with anti-Flag (green) and anti-HA (red) antibodies. (C) Quantification of β-catenin localization. The subcellular distribution of Flag-tagged β-catenin was scored as in [Fig. 4 C](#fig4){ref-type="fig"}. Error bars represent the means ± SD of three independent experiments. N \> C, predominantly nuclear; N = C, evenly distributed between the nucleus and cytoplasm; N \< C, predominantly cytoplasmic. Bars, 10 μm.](jcb1811141f07){#fig7}

Nuclear Akt suppresses β-catenin--mediated transcriptional activation
---------------------------------------------------------------------

Previous studies point toward an activating role of Akt in the Wnt--β-catenin pathway ([@bib45]; [@bib15]). In contrast, our findings suggest that Cby phosphorylation by Akt facilitates 14-3-3 binding followed by nuclear export of β-catenin, leading to inhibition of β-catenin signaling. To resolve the seemingly contradicting data, we hypothesized that different pools of Akt could have distinct functions in controlling β-catenin activity. To test this, we assessed the effects of various forms of Akt on β-catenin--mediated transcriptional activation using TopFlash assays ([Fig. 8](#fig8){ref-type="fig"}). As expected from previous studies ([@bib45]; [@bib15]), a myristoylated, membrane-targeted (Myr) Akt1 moderately enhanced β-catenin--dependent activation of TopFlash. However, Akt1, Akt2, or constitutively active Akt2 (Akt2DD; T309D/S474D) decreased TopFlash activity. Notably, a nuclear-targeted form of Akt1 (NLS-Akt1), Akt2 (NLS-Akt2), or Akt2DD (NLS-Akt2DD) more potently inhibited TopFlash activation by β-catenin. Moreover, cotransfection of Cby with nuclear Akt further reduced β-catenin transcriptional activity compared with NLS-Akt alone. These results further support our conclusion that the Cby--14-3-3--β-catenin complex assembly occurs upon phosphorylation by Akt in the nucleus and highlight the complex nature of the cross-talk between the canonical Wnt and Akt signaling pathways.

![**Nuclear Akt enhances inhibition of β-catenin signaling by Cby.** HEK293T cells were transiently transfected with 10 ng of TopFlash luciferase reporter together with the indicated combinations of expression constructs for stabilized β-catenin (β-catenin--Myc; 10 ng), Cby (100 ng), and different forms of Akt (200 ng). Luciferase activity was measured as described in the legend for [Fig. 5](#fig5){ref-type="fig"}. Myr-Akt1 predominantly localized to the plasma membrane, whereas NLS-Akt was exclusively nuclear. The other Akt forms were primarily distributed throughout the cytoplasm (not depicted). Transfections were carried out in triplicate and the means ± SD are shown.](jcb1811141f08){#fig8}

Discussion
==========

The Wnt--β-catenin pathway is pivotal for numerous important cellular events during embryonic development, tissue homeostasis, and tumorigenesis. The key component of this pathway, β-catenin, exerts its signaling activity only in the nucleus. Therefore, nuclear import/export of β-catenin represents a crucial step in regulating signaling competent β-catenin levels and serves as an attractive target for anti-cancer therapies, but the underlying molecular mechanisms are poorly defined.

In this study, we have identified 14-3-3 proteins as novel Cby-binding partners. We demonstrated that 14-3-3 proteins specifically bind to serine 20 within the 14-3-3--binding consensus motif of Cby. Their interaction entirely depends upon phosphorylation of this critical serine residue by Akt kinase. Furthermore, we found that association with 14-3-3 triggers cytoplasmic relocation of Cby protein. Intriguingly, Cby and 14-3-3 form a tripartite complex with β-catenin and act cooperatively to sequester β-catenin into the cytoplasmic compartment. In support of our model, Cby collaborates with nuclear Akt to repress β-catenin--dependent transcriptional activation. Our results, therefore, suggest that inhibition of β-catenin signaling by Cby involves at least two distinct molecular mechanisms ([Fig. 9](#fig9){ref-type="fig"}); i.e., competing with Tcf/Lef transcription factors for binding to β-catenin in the nucleus ([@bib42]) and facilitating nuclear export of β-catenin via interaction with 14-3-3 upon its phosphorylation by Akt. Consistent with this, Cby mutants defective in 14-3-3 binding (S18A/S20A, 20A, and Δ1-22) unexpectedly exhibit significantly reduced ability to repress TopFlash activation by β-catenin ([Fig. 5 B](#fig5){ref-type="fig"}) even though they accumulate in the nucleus ([Fig. 4 A](#fig4){ref-type="fig"}). Hence, the nuclear export and repressor activities of Cby may equally contribute to the rapid down-regulation of nuclear β-catenin activity. However, it is also plausible that one mechanism predominates over the other, depending on the cellular context.

![**Dual mechanism model for inhibition of β-catenin signaling activity by Cby.** In the nucleus, Cby binds to β-catenin and competes with Tcf/Lef transcription factors, leading to repression of target gene expression. In addition, phosphorylation of Cby and β-catenin by Akt facilitates 14-3-3 binding, resulting in nuclear export of β-catenin to the cytoplasm. These two distinct mechanisms might be required to achieve full repression of β-catenin transcriptional activity. For details, see Discussion.](jcb1811141f09){#fig9}

14-3-3ζ has been found to associate with β-catenin ([@bib45]). Later, it was found that Akt phosphorylates β-catenin at serine 552, which appears to enhance its interaction with 14-3-3ζ ([@bib15]). In both cases, ectopic expression of 14-3-3ζ resulted in a moderate activation (two- to fourfold) of β-catenin--dependent transcription in TopFlash assays. We found that 14-3-3ζ enhances, whereas 14-3-3η and ε isoforms repress, β-catenin activation of the TopFlash reporter ([Fig. 5 A](#fig5){ref-type="fig"}). One possible explanation for this observation is that 14-3-3 overexpression exerts complex biological effects, which makes our interpretation of the TopFlash results difficult. In fact, 14-3-3 proteins have been shown to interact with a plethora of target proteins ranging from transcription factors to various signaling molecules ([@bib11]; [@bib38]). However, it is interesting to note that, consistent with our results ([Fig. 7 C](#fig7){ref-type="fig"}), ectopic expression of 14-3-3ζ was found to cause the cytoplasmic enrichment of β-catenin ([@bib45]), potentially by interacting with endogenous Cby. Nonetheless, our findings indicate that the Cby--14-3-3 interaction significantly contributes to their stable complex formation with β-catenin ([Fig. 6 B](#fig6){ref-type="fig"}). More importantly, 14-3-3 itself is not sufficient to sequester β-catenin into the cytoplasm, as 14-3-3 binding--defective CbyS20A retains β-catenin in the nucleus even in the presence of excess 14-3-3 ([Fig. 7 C](#fig7){ref-type="fig"}). Therefore, we speculate that phosphorylation of β-catenin and Cby by Akt provokes 14-3-3 binding to form a stable ternary complex followed by β-catenin nuclear export and termination of its signaling ([Fig. 9](#fig9){ref-type="fig"}). Similarly, it has been shown that Akt phosphorylates FoxO Forkhead transcription factors, and this promotes their interaction with 14-3-3, leading to their nuclear exit and cytoplasmic retention ([@bib5]; [@bib49]). It is also noteworthy that, in *Caenorhabditis elegans*, 14-3-3/PAR-5 binds to and mediates nuclear export of TCF/POP-1 ([@bib28]).

The key negative regulators of the Wnt--β-catenin pathway, APC and Axin, have been shown to affect the nuclear cytoplasmic shuttling of β-catenin ([@bib18]; [@bib39]; [@bib10]; [@bib52]). Both proteins carry functional NLS and NES sequences and export β-catenin from the nucleus to the cytoplasm in a CRM-1--dependent manner, most likely for degradation. The Cby--14-3-3 pathway represents yet another mechanism that controls β-catenin subcellular distribution. In addition to two putative NLS sequences ([@bib42]), Cby harbors a potential NES, and its localization is sensitive to leptomycin B (unpublished data), which is indicative of a CRM-1--dependent process. At present, the relationship between APC--, Axin--, and Cby--14-3-3--dependent β-catenin nuclear export pathways is unclear. However, Cby does not form a complex with APC or Axin (unpublished data), which implies that the Cby--14-3-3 route operates independently of that of APC and Axin.

Akt is a major effector of the phosphatidylinositol-3-kinase signaling, which is activated by a diverse array of extracellular stimuli, and is known to promote cell growth, survival, and tumor formation ([@bib19]). Several lines of evidence indicate that Akt plays a positive role in Wnt--β-catenin signaling, most likely through phosphorylation and inactivation of GSK3, although its precise mechanism of action remains largely debatable ([@bib4]). Here, we provide evidence that nuclear-targeted Akt inhibits, whereas membrane-tethered Akt stimulates, β-catenin--mediated transcriptional activation ([Fig. 8](#fig8){ref-type="fig"}). It is possible that membrane/cytoplasmic activated Akt favorably phosphorylates and thus inactivates GSK3, whereas nuclear Akt phosphorylates β-catenin and Cby, which in turn facilitates 14-3-3 binding and subsequent nuclear exclusion of the ternary complex. The opposing roles of Akt in the Wnt--β-catenin pathway may be temporally and spatially controlled in an in vivo scenario. Once activated at the plasma membrane in response to diverse stimuli, Akt translocates into the nucleus, where it phosphorylates and modulates the activity of nuclear factors including Forkhead transcription factors and p300/CBP coactivators ([@bib2]; [@bib5]; [@bib3]; [@bib21]). However, little is known about the physiological functions of nuclear Akt. Our results reveal that the subcellular compartmentalization of Akt differentially influences β-catenin signaling. This is reminiscent of GSK3, as it both positively and negatively affects Wnt--β-catenin signaling depending on its intracellular location ([@bib59]). It is also conceivable that phosphorylation of Cby at serine 20 is catalyzed by additional kinases because 14-3-3--binding motifs have been shown to be substrates for various protein kinases ([@bib11]; [@bib1]). Clearly, further work will be required to define the cross-talk between the Wnt--β-catenin and Akt signaling pathways.

In conclusion, our study reveals a new molecular mechanism for the regulation of β-catenin subcellular distribution by the combinatorial action of Cby and 14-3-3 proteins. As deregulation of 14-3-3 has been implicated in the development of several types of human cancer ([@bib20]; [@bib53]), it would be of great interest to determine if β-catenin signaling is aberrantly activated in these tumor cells.

Materials and methods
=====================

Plasmids and protein expression
-------------------------------

Expression vectors for human Cby ([@bib42]), β-catenin--Myc ([@bib42]), and β-cateninS33Y-Flag ([@bib26]) have been described previously. Akt expression constructs were provided by J.E. Pessin (State University of New York at Stony Brook, Stony Brook, NY). Human 14-3-3ε, ζ, and η cDNAs were PCR amplified from HEK293T cDNA using a forward primer containing the HA sequence at the 5′ end, digested with EcoRI and XbaI, and subcloned into the pCS2+ vector. Similarly, PCR fragments for Flag-CbyΔ1-22 and β-cateninS33YΔC (amino acids 1--664)-Flag were inserted into the pCS2+ and pQCXIP (Clontech Laboratories, Inc.), respectively. Cby single or double point mutants and DN-14-3-3ζ (R56A/R60A) were created using the QuickChange site-directed mutagenesis kit (Stratagene). For hRluc protein fragment--assisted complementation assays ([@bib35]), 14-3-3 or Cby cDNAs were amplified by PCR using plasmid templates and ligated in-frame with the N-terminal portion (amino acids 1--239) or the C-terminal portion (amino acids 240--321) of hRluc into the pJCH510 or pJCH511 vector (gifts from J.-C. Hsieh, State University of New York at Stony Brook). We verified all constructs by DNA sequencing. MBP and MBP-Cby were expressed in *E. coli* BL21 cells and purified by amylose resin (New England BioLabs, Inc.) as described previously ([@bib42]).

Cell culture and transfection
-----------------------------

HEK293T and COS7 cells were purchased from American Type Culture Collection, and maintained in DME with 10% FBS and 100 U/ml penicillin-streptomycin. For transient transfection, cells were seeded onto 6- or 12-well tissue culture dishes, cultured overnight, and then transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions. Empty vector was added to adjust the total amount of DNA to be the same in every transfection.

Purification of Cby-associated proteins
---------------------------------------

HEK293T cell lysates were prepared in lysis buffer containing 20 mM Tris-HCl, pH 8.0, 135 mM NaCl, 1.5 mM MgCl~2~, 1 mM EGTA, 1% Triton X-100, 10% glycerol, and complete protease inhibitor cocktail (Roche); cleared by centrifugation at 12,000 rpm for 30 min; and incubated with MBP or MBP-Cby for 1 h at 4°C. Subsequently, amylose beads (New England BioLabs, Inc.) were added and continuously rotated for 2 h at 4°C. The beads were then collected, extensively washed, and boiled in SDS sample buffer, followed by the separation of bound proteins on a 4--20% SDS-PAGE. Each band pulled down specifically with MBP-Cby was cut out from the gel stained with SimplyBlue SafeStain (Invitrogen), digested with trypsin, and analyzed by mass spectrometry (QSTAR and matrix-assisted laser desorption ionization--time of flight) in the Proteomics Center at State University of New York at Stony Brook.

Coimmunoprecipitation and Western blotting
------------------------------------------

Transfected or nontransfected HEK293T cells were lysed, and coimmunoprecipitation and immunoblotting were performed essentially as described previously ([@bib44]; [@bib26]). For phosphatase treatment, Flag-Cby was expressed in HEK293T cells, immunoprecipitated using anti-Flag M2 affinity beads (Sigma-Aldrich), and incubated in phosphatase reaction buffer (50 mM imidazole, pH 7.2, 0.2 mM EGTA, 0.02% β-mercaptoethanol, and 0.1 mg/ml BSA) for 45 min at 30°C with or without rPP2A (Millipore) and its inhibitor OA (Sigma-Aldrich) as indicated. Subsequently, these samples were mixed with an equal amount of cell lysates from HEK293T cells expressing 14-3-3ζ followed by coimmunoprecipitation and Western blot analysis. The primary antibodies used were as follows: rabbit anti-Cby ([@bib42]); mouse anti-Flag M2 (Sigma-Aldrich); rat anti-HA (Roche); mouse anti-Myc (Invitrogen); and rabbit anti--pan--14-3-3, anti--14-3-3ε, and rabbit IgG (Santa Cruz Biotechnology, Inc.).

TopFlash and hRluc protein fragment--assisted complementation assays
--------------------------------------------------------------------

HEK293T cells were seeded onto 12-well plates and transfected with the appropriate combinations of plasmids in triplicate. Luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega) and a luminometer (Berthold Technologies) as described previously ([@bib42]; [@bib26]). An expression plasmid (10 ng) for Renilla luciferase (pRL-TK) or firefly luciferase (pCMV-Luc) was cotransfected to normalize transfection frequency.

In vitro kinase assays
----------------------

Flag-CbyWT or S20A and HA-Akt1 or KD-Akt1 were individually expressed in HEK293T cells, and purified using anti-Flag M2 affinity beads (Sigma-Aldrich) and anti-HA affinity beads (Roche), respectively. The immunoprecipitated Flag-CbyWT or S20A was incubated with purified HA-Akt1 or KD-Akt1 in 50 μl of kinase assay buffer containing 20 mM Pipes, pH 7.0, 15 mM MnCl~2~, 7 mM β-mercaptoethanol, 0.25 mM β-glycerophosphate, and 0.4 mM spermine on ice for 5 min in the absence or presence of rPP2A and OA. After incubation, 10 μl of the kinase assay buffer containing 10 μCi \[γ-^32^P\]ATP was added to each reaction and further incubated for 30 min at 37°C. The kinase reaction was terminated by the addition of SDS sample buffer and boiling, and then resolved by SDS-PAGE and visualized by autoradiography. For in vitro kinase assays using bacterially expressed and purified proteins, 10 μg of MBP-Cby or MBP-CbyS20A was mixed with GST-Akt1 or GST-Akt2 (Cell Signaling Technology) in 25 μl of the kinase assay buffer containing 10 μCi of \[γ-^32^P\]ATP, incubated for 30 min at 37°C, followed by SDS-PAGE and autoradiography.

Immunofluorescence microscopy
-----------------------------

Transfected COS7 cells were grown on glass coverslips, fixed with methanol/acetone (1:1, vol/vol), permeabilized with 0.2% Triton X-100, and blocked with 1% BSA in PBS. Flag-tagged Cby and β-catenin were detected using mouse anti-Flag M2 antibodies (Sigma-Aldrich) followed by TRITC-labeled goat anti--mouse IgG and FITC-labeled goat anti--mouse IgG (Jackson ImmunoResearch Laboratories), respectively. HA--14-3-3ζ was immunostained using a rat anti-HA antibody (Roche) followed by TRITC-labeled goat anti--rat IgG (Jackson ImmunoResearch Laboratories). Nuclei were counterstained with DAPI (Sigma-Aldrich), and stained cells were analyzed by a fluorescent microscope (DM5000; Leica) with an HCX PL Fluotar 100× 1.30 NA oil objective lens (Leica). All images were acquired at room temperature with a camera (DFC300 FX; Leica) using Application Suite software version 2.8.1 (Leica). To quantify subcellular localization, independent transfections were performed at least three times and a minimum of 100 cells were counted for each transfection. In cotransfections, only cells expressing both proteins were scored.

Online supplemental material
----------------------------

Fig. S1 shows that overexpression of 14-3-3ζ or DN-14-3-3ζ does not affect Cby protein levels. Fig. S2 demonstrates that increased expression of 14-3-3ζ or β-catenin does not interfere with Cby--β-catenin or Cby--14-3-3 complex formation. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200709091/DC1>.
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